Activation of most primary sensory neurons results in transduction currents that are carried by cations. One notable exception is the vertebrate olfactory receptor neuron (ORN), where the transduction current is carried largely by the anion Cl − . However, it remains unclear why ORNs use an anionic current for signal amplification. We have sought to provide clarification on this topic by studying the so far neglected dynamics of N a + , Ca 2+ , K + and Cl − in the small space of olfactory cilia during an odorant response. Using computational modeling and simulations we compared the outcomes of signal amplification based on either Cl − or N a + currents. We found that amplification produced by N a + influx instead of a Cl − efflux is problematic due to several reasons: First, the N a + current amplitude varies greatly depending on mucosal ion concentration changes. Second, a N a + current leads to a large increase in the ciliary N a + concentration during an odorant response. This increase inhibits and even reverses Ca 2+ clearance by N a + /Ca 2+ /K + exchange, which is essential for response termination. Finally, a N a + current increases the ciliary osmotic pressure, which could cause swelling to damage the cilia. By contrast, a transduction pathway based on Cl − efflux circumvents these problems and renders the odorant response robust and reliable.
Introduction
Olfactory receptor neurons (ORNs) in the nasal olfactory epithelium are the fundamental neurons underlying the sense of smell [1] . ORNs are bipolar neurons that extend an axon to the olfactory bulb and a single dendrite to the epithelial border, ending in the dendritic knob (Fig. 1A) . The cellular compartments that detect and transduce odorants into an electrical signal are the olfactory cilia. There are about 10-15 long and slender cilia per ORN embedded in the mucus on the surface of the olfactory epithelium. The ciliary membrane contains odorant receptors that are activated by odorant molecules carried into the nose during inhalation and dissolved in the mucus. Receptor activation initiates a biochemical transduction cascade that depolarizes the neuron via the opening of ion channels located in the ciliary membrane ( Fig. 1B) .
Unlike in other sensory systems like taste, hearing or phototransduction [2] , a remarkable feature of olfactory signal transduction is that it involves not only the opening of cation channels but also of anion channels (Fig. 1B) . Receptor activation first leads, via a G protein, to activation of adenylyl cyclase 3 (AC3) that synthesizes cAMP. The subsequent increase in the ciliary cAMP concentration opens cAMP-gated, cyclic nucleotide-gated (CNG) cation channels that are permeable to Ca 2+ and to a lesser extent to N a + and K + [3, 4] . The Ca 2+ influx triggers the opening of an secondary anionic channel: Ca 2+ -gated Cl − channel (Anoctamin 2, Ano2, also known as TMEM16B) [5, 6, 7, 8] . Cl − efflux ensues, as intracellular Cl − is high in ORNs [9, 10] . Ciliary Ca 2+ is predominantly removed by electrogenic N a + /K + /Ca 2+ exchange (NCKX4) [11] . The activation of the Ano2 channels is the main amplification step, and most of the transduction current is carried by Cl − efflux [12, 13, 14, 15, 16] . This large amplification is thought to be the principal function of the Cl − current. When the Cl − current is deleted either pharmacologically or by deletion of the Ano2 gene, mice retain some sense of smell due to the CNG channels, but ORN responses are much smaller affecting sensitivity at signaling threshold, the ability to track novel odorants, and spiking activity [13, 17, 18, 19] .
It is still unclear why ORNs rely upon a Cl − current to boost the amplitude of their signal [20, 21] . A larger signal could be produced if ORNs had more CNG channels, but a simple increase in channel number would produce larger influx of both N a + and Ca 2+ , which would disturb Ca 2+ homoeostasis and affect several Ca 2+ dependent feedback processes in the biochemical transduction pathway [1, 22] . Moreover, a cilium has as volume of only about 0.5 femtoliter, and a current of just 1 pA already produces an ion flux of about 20 mM per second. A large N a + influx would greatly increase the intracellular N a + concentration with currently unclear consequences. These problems could conceivably be obviated by the use of a current based on Cl − efflux. A Cl − current might also reduce response variation caused by changes in mucosal ion concentrations [23, 24] . The cilia of ORNs must function reliably while embedded in mucus exposed to the outside world. Mucosal ion concentrations can be altered by exposure to water or sneezing, as well as by stimulation of the parasympathetic and β-adrenergic systems in mice or human patients with airway disease (e.g. cystic fibrosis) [25] .
Since no experimental method presently allows for the measurement of ion concentrations in the small volume of a cilium, we used mathematical modeling and response simulation to address the role of the Cl − current. We developed a model of olfactory transduction that not only incorporates the biochemical transduction pathway but also includes spatial resolution of ion dynamics in the volume of the cilium during an odorant response. To study the impact of the current carrier, we modeled and compared signal amplification for two complementary scenarios: a biological scenario where amplification is based on a Cl − current, and an artificial scenario where amplification is based on a N a + current. One possibility to model the artificial scenario would have been to remove the Ano2 channels and increase the N a + current by simply augmenting the number of CNG channels. However, this would have required additional substantial changes in the transduction part of the model to adjust the cAMP dynamics such that odorant responses with a cAMP-activated N a + current become comparable to the biological responses with a Ca 2+ -activated Cl − current. We therefore have elected to keep the CNG channels unchanged and to postulate a Ca 2+ -activated N a + current, similar to the Ca 2+ -activated Cl − current. In this way, we could keep all aspects of the transduction pathway unchanged between the two scenarios, and we could neatly compare the effects of amplification based on N a + influx and Cl − efflux without complicating factors. Our general conclusions apply however equally well to any increase in N a + influx regardless of the mechanism of activation of the N a + current. We show that signal amplification based on N a + influx can produce responses comparable to those produced by Cl − efflux, but a mechanism based on N a + renders the response much less stable to changes in mucosal ion concentrations. Moreover, a N a + current leads to a large increase in intracellular N a + , which inhibits and can even reverse Ca 2+ extrusion by N a + /Ca 2+ /K + exchange. Finally, a N a + current leads to an increase in the ciliary osmotic pressure, which could conceivably produce swelling that damages the cilia. All of these detrimental consequences are avoided by the use of a Cl − current, which not only amplifies the response but also keeps it robust and reliable.
Results
We compare two complementary scenarios: in the biological scenario (in the following referred to as the Cl − scenario) amplification is due to Cl − efflux, whereas in the artificial scenario (referred to as the N a + scenario) amplification is due to N a + influx ( Fig. 2A) . To minimize the differences between the two scenarios, in the N a + scenario we introduce artificial Ano2 channels that have the same Ca 2+ activation properties as the biological Ano2 channels but are permeable to N a + instead of Cl − . For simplicity, we also refer to them as Ano2 channels, since from the scenario it becomes clear which type is considered. Hence, both scenarios are absolutely identical except for the Ano2 permeability. We further simplify and neglect the N a + and K + currents through CNG channels because they are small compared to the Ano2 current [14, 13, 20] and therefore only have a minor impact on ion dynamics. Moreover, in this way both scenarios are clearly distinguished, and differences can be unambiguously attributed to effects evoked by the two current carriers.
A N a + current induces large N a + fluctuations in a cilium
We calibrated our model by fitting suction-electrode recordings from a mouse ORN in response to a one-second stimulation with three different odorant concentrations (for details see the SI). In Fig. 2B we compare the computed current between mucus and 15 identical cilia with the experimental data. The simulations for both scenarios are performed with exactly the same set of parameters; only the Ano2 permeability in each scenario is different.
In Fig. 2C -F, we compare results that are spatially averaged along the length of a cilium for quantities that are commonly used in standard olfactory models: cAMP and Ca 2+ concentration, ciliary and cell body depolarization. Fig. 2 does not suggest any advantage for Cl − as current carrier since simulation results are very similar in the two scenarios. More generally, with a standard cable theory model where ionic concentration changes and their effects are neglected (except for Ca 2+ ), it makes no difference for the electrical response whether the current is carried by Cl − or N a + . With such a model the simulations in Fig. 2 for both scenarios would exactly match.
The spatially averaged results for the N a + , Cl − and K + concentrations, on the other hand, reveal large differences between the two scenarios ( Fig. 3 ). In the Cl − scenario, the ciliary Cl − concentration drops due to Cl − efflux into the mucus (Fig. 3A) . In strong contrast, the N a + concentration changes very little ( Fig. 3B ). Note that we neglect N a + influx through CNG channels, which would lead to a small increase in the ciliary N a + concentration instead of the slight decrease seen in Fig. 3B . The K + concentration decreases due to efflux into the cell body driven by the ciliary depolarization ( Fig. 3C ). N a + is less affected because the internal N a + concentration is much lower (4 mM). In the Cl − scenario the decline of K + and Cl − electrically compensate one another such that electroneutrality is preserved. The situation changes with a N a + current. With N a + influx the ciliary N a + concentration is dramatically increased by up to 40 mM (Fig. 3B ). The ciliary depolarization causes the Cl − concentration to increase ( Fig. 3A ) and the K + concentration to decrease ( Fig. 3C ) via exchanges with the cell body. The changes in the K + and Cl − concentrations no longer electrically compensate as in the Cl − scenario, but instead they generate a large gap of positive charge that is filled with N a + flowing in from the mucus to maintain electroneutrality. Finally, we note that the overall ion concentration in a cilium drops with a Cl − current, whereas it increases with a N a + current ( Fig. 3D ). Hence, osmotic concentration and pressure change in opposite ways in the two scenarios. In summary, we found complex and highly coupled ion dynamics in the cilia due to the small ciliary volume and the requirement for electroneutrality (see also Figs. S2 and S3 in the SI).
Large ionic concentration gradients are generated in a cilium during an odorant response
Next, we investigated the degree of spatial inhomogeneity that is generated in a cilium during an odorant response. In Fig. 4 we compare spatial distributions for ion concentrations, Ca 2+ efflux via the exchangers, and ciliary voltage for the strongest odorant stimulation in Fig. 2 at four different times: before, twice during and once after the one-second odorant stimulus. Continuous lines correspond to the Cl − scenario, dashed lines to the N a + scenario. In agreement with Fig. 3 , we find large differences between the two scenarios for the Cl − and N a + concentrations ( Fig. 4A,B ), and to a lesser extent for the K + concentration ( Fig. 4C ). With Cl − as the current carrier, almost no N a + gradient is generated during an odorant response. This is in strong contrast to a N a + current that generates large N a + gradients. At the tip of a cilium, N a + influx pushes the N a + concentration to values that are almost 15 fold larger compared to the basal value of 4 mM ( Fig. 4A , blue dashed line). As a consequence, the NCKX4 exchangers are inhibited, leading to reduced Ca 2+ efflux along the cilium in the N a + scenario (Fig. 4E ). The Cl − gradients have opposite behaviors in the two scenarios ( Fig. 4B ). In the Cl − scenario, Cl − efflux leads to a distribution where the concentration is minimal near the ciliary tip. In contrast, a N a + current leads to a Cl − increase that is maximal near the tip as Cl − flows into the cilia from the cell body due to the ciliary depolarization ( Fig. 4F ). The K + concentration decreases towards the tip of a cilium, but the K + gradients are qualitatively similar between the two scenarios; however, a N a + current entails much higher K + gradients (Fig. 4C) . In contrast to the strong gradients generated for Cl − , N a + and K + , the Ca 2+ concentration remains rather homogeneous along a cilium during the odorant response ( Fig. 4D ). This is because we assumed that a cilium is uniformly activated by the odorant application, and NCKX4 exchangers that remove Ca 2+ are uniformly distributed along a cilium. Because we did not include spontaneous receptor activity and a basal cAMP synthesis rate, the resting cAMP concentration vanishes and there is no Ca 2+ influx via CNG channels in the absence of odorant stimulation. At rest the exchangers therefore reduce the ciliary Ca 2+ concentration much below nM level (see also the SI). The Ca 2+ gradient at t = −0.1s in Fig. 4D (black trace) is caused by influx from the cell body where the concentration is 40 nM. Note that at t = 1.5s (green trace), the Ca 2+ concentration did not yet regain its resting distribution. The subtle discrepancies in the Ca 2+ dynamics between the two scenarios are generated by inhibition of NCKX4 exchange in the N a + scenario (Fig. 4E ). Ultimately, this is the reason for the differences in the Ano2 currents between the two scenarios in Fig. 2A . One might be surprised that the generated Ca 2+ discrepancies are not larger. However, the parameters are specifically fitted such that the currents in both scenarios agree with the experimental data. Since the currents reflect the Ano2 open probability that depends very sensitively on Ca 2+ with a Hill exponent of 2.3 [8] ), the Ca 2+ concentrations necessarily have to be very similar between the two scenarios. As we will show below, this is no longer the case when we modify parameters, for example by changing mucosal ion concentrations.
With a N a + current the odorant response is not robust against ionic concentration changes in the mucus
Next, we addressed the important question whether the odorant response is robust against mucosal ion concentration changes. To test robustness, we performed simulations for the highest odorant stimulation with the same parameters as before, but we reduced the mucosal concentrations of N a + and Cl − from 140 mM to 100 mM and 70 mM each ( Fig. 10A-B ). Such values are not unrealistic as several reports suggest that mucosal concentrations can be significantly lower than the 140 mM in Ringer solution used in electrophysiological experiments [27, 28, 29] . With a Cl − current, the response is little affected by changing mucosal concentrations ( Fig. 10A ). Fo example, the peak amplitude of around 240 pA for 70 mM is only slightly increased compared to around 210 pA for 140 mM due to the larger driving force. In contrast, with a N a + current, the response is strongly altered (Fig. 10B ). The initial peak amplitude for 70 mM is almost halved compared to 140 mM. In brief (for a more detailed analysis we refer to Eqs. 12 and 13 in the SI), Cl − efflux is determined by the ciliary Cl − concentration; altering the mucosal concentration affects this result only a little. In contrast, N a + influx is proportional to the mucosal N a + concentration and is strongly affected by mucosal concentration changes. This result shows that a Cl − but not a N a + current is robust against mucosal ion concentration changes. Finally, a very surprising effect occurs in the N a + scenario due to our artificial N a + channels that are Ca 2+ activated. When the mucosal concentrations are reduced to 70 mM, at a time around 0.7s, instead of declining, the current increases again and reaches a plateau value that persists even after the odorant stimulation ends at 1s ( Fig. 10B , blue line). Correspondingly, intracellular ion concentrations attain plateau values that are very different from their initial values (Fig. 10C) . The system is obviously bistable with two stable fixed points in the absence of odorant stimulation: one with zero current and one with a large current. The reason for this bistability is a positive feedback loop that is present if the N a + channels are Ca 2+ -activated: a sufficiently large N a + current increases the ciliary N a + concentration such that the exchangers eventually switch to reverse mode in the frontal part of the cilium (Fig. 10D , negative current near the tip). In reverse mode, the exchangers import Ca 2+ from the mucus, which keeps the Ca 2+ -activated N a + channels open even without odorant stimulation. In Fig. 10B , the odorant stimulation pushes the system into the basin of attraction of the non-zero fixed point, which abolishes response termination. In contrast, bistability does not occur with a Ca 2+ -activated Cl − current because the ciliary N a + concentration remains low and exchangers do not switch to reverse mode. 
Discussion
We studied the ciliary ion dynamics during an odorant response to elucidate a long-standing question in olfactory transduction: Why is amplification in olfactory transduction carried by a Cl − and not a N a + current. To answer this question, we developed a mathematical model that predicts the spatiotemporal ion dynamics in a cilium. Compared to previous models that focus on the biochemical signal transduction pathway and on the Ca 2+ dynamics [30, 31, 32, 33] , we consider the coupled dynamics between Cl − , N a + , K + and Ca 2+ ions in the restrained volume of a cilium during an odorant response. Moreover, we did not rely on an effective equation for Ca 2+ extrusion that depends only on the ciliary Ca 2+ concentration, but we considered that the NCKX4 exchange is electrogenic and depends on the N a + and K + gradients between cilia and mucus. We compared simulations for two complementary scenarios: a biological scenario where signal amplification is based on Cl − efflux, and an artificial scenario where it is based on N a + influx. We found significant differences between both scenarios, which offer explanations for why a Cl − current is preferential for signal amplification in ORNs.
It has been suggested that a Cl − current renders the odorant response robust against mucosal ion concentration changes [23, 24] . Indeed, our simulations directly show that a current carried by Cl − efflux is largely insensitive to Cl − and N a + concentration changes in the mucus, contrary to a current carried by N a + influx.
Our work revealed complex and highly coupled ion dynamics in a cilium. We found striking differences between the two scenarios in particularly for the dynamics of the Cl − and N a + concentrations. With Cl − efflux, the ciliary Cl − concentration decreases, as expected, but surprisingly the N a + concentration remains largely unaffected. In contrast, with N a + influx, both Cl − and N a + concentrations significantly increase during an odorant response. This has two major consequences: First, the large N a + concentration inhibits Ca 2+ clearance by NCKX4 exchange, which affects response termination and other transduction processes that depend on Ca 2+ feedback [1] . This is not the case in the Cl − scenario where the N a + concentration remains low and stable and fast Ca 2 clearance is assured. Second, whereas the osmotic concentration in a cilium decreases with a Cl − current, it increases with a N a + current. This might be of relevance because an increase in osmotic concentration necessarily entails water influx that might compromise the stability of the fragile cilia.
In line with steady state results obtained previously by Lindemann [34] , we found that large ciliary concentration gradients for Cl − and K + are generated in both scenario. Unexpectedly, with a Cl − current almost no N a + gradient is generated, which ensures homogeneous Ca 2+ clearance along the whole cilium. In contrast, a large N a + gradient is generated in the N a + scenario, which inhibits and can even reverse exchanger function in the frontal part of a cilium.
These differences between both scenarios are generic and a consequence of the current carrier (but see next paragraph). They occur independently of the precise type of Cl − or N a + channels that are involved. Thus, signal amplification based on increasing the number of CNG channels would suffer from the same problems generated by a large N a + influx. Moreover, since CNG channels are permeable to Ca 2+ and N a + , increasing their number would increase Ca 2+ influx and at the same time reduce Ca 2+ clearance by NCKX4 exchange due to increased intracellular N a + . This has the potential to strongly alter the Ca 2+ dynamics. Robust Ca 2+ homoeostasis is however essential because of multiple Ca 2+ -dependent feedback process in the biochemical transduction pathway.
We found a striking effect that is specific to the fact that we introduced an artificial N a + channel that is Ca 2+ -activated. With such a channel type we found a bistable system when we reduced the mucosal N a + concentration. In this case, the reduced N a + driving force together with ciliary depolarization, decreasing K + and increasing N a + concentrations inhibited and reversed the exchanger mode in the frontal part of a cilium at a strong stimulation. Part of the exchangers now import Ca 2+ from the mucus, which keeps the Ca 2+ -activated N a + channels open and the current flowing even after the odorant stimulation is over. Thus, an olfactory pathway based on Ca 2+ -activated N a + channels would pose a serious threat to robustness and reliability of odorant detection. Interestingly, although Ca 2+ -activated K + channels are ubiquitous and important to control neuronal excitability and many other physiological processes [35, 36] , Ca 2+ -activated N a + channels seem much less prevalent. We found only very few reports where such channels produce long-lasting action potentials in starfish oocyte or the egg of a nemertean worm [37] . Since Ca 2+ clearance is often accomplished by N a + -dependent exchangers, the rare occurrence of such channels might be related to the bistable behavior observed here.
Because of the large number of parameters and non-linear interactions, it is beyond the scope of this work to present a comprehensive analysis and discussion of the parameter space. This will be done in more theoretical future work. Our goal here was to outline the main differences between the Cl − and N a + scenarios, and these differences are robust against reasonable changes in parameter values.
We developed a detailed spatio-temporal model that we applied to analyze ion dynamics in a cilium. However, our model can also be applied to study other puzzling aspects of the odorant response, e. g. the role of PDE 1C in response termination [38, 39] . It can be applied to clarify the effect of cAMP clearance via diffusion into the cell body versus PDE hydrolysis by PDE 1C.
In addition, our model can be adapted to study other biological systems with constrained spaces, e.g. outer dendrite and sensilla in insect olfaction, microvilli of insect photoreceptors, taste cells, or synapses and synaptic buttons [2] . Each of these systems has to balance its functional need for ionic currents with the advantages or limitations of having to operate with a small intracellular volume. In olfactory cilia, this is achieved by combining a cationic current with a secondary anionic current to ensure response amplification that preserves response stability and reliability.
Materials and Methods

Single cell recordings of odorant-induced responses
Mice were handled and euthanized in accordance with methods approved by the Monell Chemical Senses Center Institutional Use and Care Committee. Mice were euthanized with CO 2 followed by cervical dislocation. The suction-pipette technique [40, 41] was used to record odorant-induced responses from isolated ORNs. In short, the cell body of an isolated ORN is sucked into the tip of a recording pipette. The cilia remain outside of the pipette and therefore accessible for solution changes and odorant stimulation. No access is gained to the intracellular environment, thus intracellular ion concentration remain unperturbed. Also, the intracellular voltage is free to vary, as the ORN is not voltage-clamped. The current recorded in this configuration is the current that enters via the ciliary transduction channels and exits via the cell body. Currents were recorded with a Warner PC-501A patch clamp amplifier (Warner Instrument), filtered DC -50 Hz and digitized at 10 kHz using a Power1401 MK2 acquisition board and Signal software (Cambridge Electronic Design). Fast solution exchanges were achieved by moving the ORN in the tip of the recording pipette across the interface to two parallel stream of solution using the Perfusion Fast-Step system (Warner Instruments). Ringer solution contained (in mM): 140 NaCl, 5 KCl, 1 M gCl 2 , 2 CaCl 2 , 0.01 EDTA, 10 HEPES, and10 glucose. The pH was adjusted to 7.5 with NaOH. ORNs were stimulated with an odorant mix of cineole and acetophenone.
Computational model
We constructed a spatially-resolved mathematical model to analyze odorant responses in vertebrate ORNs. Our model accounts for the biochemical transduction pathway (Fig. 1B) and the spatiotemporal ion dynamics in the cilium during an odorant response. A schematic of the electrical part of our ciliary model is shown in Fig. 2A , for details we refer the interested reader to the SI.
Supplementary Information
A Derivation of the spatially resolved model
The initial steps in the signal transduction pathway occur in long and slender cilia, for reviews see [22, 1, 42] . The activation of an odorant receptor in the ciliary membrane initiates a G proteincoupled cascade that leads to the opening of CNG channels. The resulting Ca 2+ influx activates Ca 2+ -activated Cl − channels (Ano2) that further amplify the response. Ciliary cAMP is degraded by phosphodiesterases and Ca 2+ is removed by N a + /K + /Ca 2+ exchangers (NCKX4) [11] . This leads to closure of CNG and Ano2 channels and response termination.
A.1 Electrodiffusion model for the ion dynamics in a cilium
To study the ion dynamics in a cilium, we use an electrodiffusion model similarly to the models in [43, 44, 45] . We model a cilium as a rotationally symmetric cylinder of length L ci and radius R ci with membrane surface S ci = 2πR ci L ci , cross section A ci = πR 2 ci and cytoplasmic volume V ci = A ci L ci . We neglect the ciliary space occupied by axoneme since it would not qualitatively change our results. We assume that a cilium is rotationally symmetric and radially homogeneous and we introduce the dimensionless position z = x/L ci . Because R ci L ci , we assume that a cilium is radially homogeneous. Hence, ciliary quantities depend only on the time and the longitudinal position 0 ≤ x ≤ L ci . Instead of x we use the dimensionless position z = x/L ci . The cilium tip is at z = 0 and the cilium base at z = 1 is the connection to the dendritic knob. We further introduce the dimensionless voltage φ = U U T , where U T = RT F ≈ 25mV at T = 293K (F is the Faraday constant and R the ideal gas constant). We consider the dynamics of K + , N a + , Ca 2+ and Cl − . We assume that negatively charged organic anions are immobile. As a consequence, no currents are associated with them and they do not contribute to the dynamic. However, it is straightforward to include their dynamics in a more detailed version of our model.
Ions of valence z s diffuse with diffusion constant D s , where s = ca, cl, na, k labels the ion species. The ciliary concentrations c s ci (z, t) change due to membrane fluxes J s ci,mu (z, t) and longitudinal fluxes J s ci (z, t). Fluxes depend on channel and exchanger properties, and concentration and voltage gradients. We introduce the modified fluxes
where ν s ci = Ds 
With V ci ∼ 0.5µm 3 we find FV ci ∼ 0.05 s pA mM . Thus, a current of 1pA corresponds to a flux of 1/0.05=20 mM/s. Hence, in one millisecond a current of 100pA can, in principle, change the ciliary concentration by 2 mM. This illustrates that currents can quickly alter the ciliary concentrations.
We apply the usual convention that inward fluxes are negative and outward fluxes are positive. Thus, and inward flux of cations or an outward flux of anions generate a negative current. The conservation equations (Nernst-Planck equations) for the ion concentrations are [46] ∂ t c s ci = −∂ z j s ci − j s ci,mu .
We simplify and ignore Ca 2+ buffering and we only use the rapid buffer approximation where Ca 2+ diffusion is slowed down due to rapid bindings and unbindings. However, for the sake of completeness, we present here also equations for the Ca 2+ dynamics with exchange with fast and slow Ca 2+ buffers that are immobile. The dynamics of the slow calcium buffer c cab ci (z, t) is
where c cab ci,tot is the total slow buffer concentration. 
Due to the large mucosal volume, we neglect concentration and potential changes in the mucus during an odorant response. However, we do explore the impact of different values for the mucus concentrations. We use the mucus potential as reference and we set φ mu = 0 such that φ ci −φ mu = φ ci .
A challenge is to compute the spatio-temporal dynamics of the ciliary potential φ ci (z, t). The most accurate way would be to solve the Poisson equation with appropriate boundary conditions, leading to the Poisson-Nernst-Planck (PNP) coupled system of equations. However, such a complex system of partial differential equations, with additional feedback from the cell body dynamics, would be very demanding for numerical simulations. In particular, we are interested in simulations that lasts for seconds and not only milliseconds or steady state results [47, 48, 49] . To reduce complexity, we use the charge-capacitor approximation to compute the potential as a function of the electric currents and the membrane capacitance [43, 50, 45] 
C ci = S ci C m is the cilium capacitance (C m = 1µF /cm 2 = 10 −5 nF /µm 2 is the membrane capacity). Eq. 6 is formally identical to a cable equation [51] .
A.2 Well-stirred model for the cell body
Due to the large size of the cell body, we approximate the cell body concentrations c s cb as being constant. It is straightforward to relax this assumption in a more sophisticated future model. The cell body potential φ cb (t) changes due to a leak current, which defines the resting potential, and the currents from N ci identical cilia,
C cb is the cell body capacitance, g leak cb is the leak conductance, φ leak cb is the leak reversal potential and I s ci,cb (t) = I s ci (1, t) = z s FV ci j s ci (1, t) is the current from a cilium carried by ion species s.
A.3 Ion fluxes between cilium and mucus
The fluxes between cilium and mucus depend on CNG and Ano2 channels and electrogenic NCKX4 exchangers j s ci,mu = j s,cng ci,mu + j s,ano ci,mu + ζ s nckx j nckx ci,mu .
The numbers ζ s nckx define the exchange stoichiometry.
A.3.1 Fluxes via CNG and Ano2 channels
For the channel fluxes between cilia and mucus we use the Goldman-Hodgkin-Katz (GHK) flux equation [51] . With φ mu = 0 such that φ ci,mu = φ ci − φ mu = φ ci and the approximation is proportional to the channel density ρ ch and the single channel conductivity γ s ch and R −1 ci (due to Eq. 1). Eq. 11 shows that Cl − efflux is proportional to the ciliary Cl − concentration, and altering the mucosal Cl − concentration affects this efflux only only by little via the term 1 − c cl mu /c cl ci e φ ci . In contrast, Eq. 12 shows that N a + influx is proportional to the mucosal N a + concentration and is therefore strongly affected by mucosal concentration changes (we have 1 − c na ci /c na mu e φ ci ≈ 1) . The open probability for Ano2 channels p ano (z, t) depends on the Ca 2+ concentration [7, 14] ,
with K ca ano ≈ 1.8µM and h ano ≈ 2.3 [14] . The CNG open probability p cng (z, t) depends on the cAMP concentration c camp (z, t) [3, 4] . Furthermore, CNG channels become desensitized due to negative Ca 2+ feedback via calmodulin (CaM) [52, 53] . In a first approximation, we incorporate this negative feedback using a Ca 2+ -dependent Hill concentration 
A.3.2 Fluxes via NCKX4 exchangers
During one cycle, 4 Na + are exchanged for one K + and one Ca 2+ (ζ na nckx = −4, ζ ca nckx = ζ k nckx = 1). Hence, NCKX4 is an electrogenic exchanger and the net current is
where r = s z s ζ s nckx = −1. The flux j nckx ci,mu corresponds to either Ca 2+ or K + . To obtain a formula for j nckx ci,mu (z, t) we generalize the expression for the NCX exchanger [34, 54, 55] , 
A.4 Signal transduction and cAMP dynamics
Since the focus of this paper is on the ion dynamics, we use a basic transduction model comprising odorant receptor, G protein, adenylate cyclase (AC), cAMP and CaMK [30, 31, 32] . After the activation of odorant receptors (or), a G protein (g) coupled transduction cascade leads to the activation of adenylate cyclase (ac) that synthesizes cAMP. We neglect diffusion of receptors, Gprotein and AC in the membrane. Because experimental evidences suggests that the lifetime of an activated odorant receptor is less than a millisecond [56, 57] , we use the steady state expression to model the fraction (with respect to the total concentration) of activated receptors or * as a function of a slowly varying odorant stimulus od(z, t), or * = od h od od h od +K h od od . The equations for the fractions of activated G protein and AC are
where 0 ≤ g * (z, t) ≤ 1 and 0 ≤ ac * (z, t) ≤ 1. The rate constants β g and β ac determine the activation dynamics. Steady state fractions are g * = or * or * +Kor and ac * = g * g * +Kg . The synthesis of cAMP is stimulated by ac * and is inhibited by Ca 2+ via CaMK feedback. In first approximation, we model the CaMK feedback directly as a function of Ca 2+ using and effective Hill equation. Thus, the cAMP concentration c camp ci (z, t) satisfies the reaction-diffusion equation . The dimensionless parameter f camk accounts for
Ca 2+ dependent inhibition of cAMP synthesis due to CaMK feedback,
A.5 Ciliary boundary conditions
The tip of a cilium at z = 0 is a sealed end with reflecting boundary conditions j s ci (0, t) = 0. At z = 1 the cilia are connected via the dendritic knob and the dendrite to the cell body. To reduce complexity, we refrain from implementing a spatial model for electrodiffusion in knob and dendrite. Instead, we use flux boundary conditions j s ci (1, t) = j s ci,cb (t) where j s ci,cb depends on concentration and voltage differences between cilia and cell body and on the ciliary and dendritic geometry. We do not use Dirichlet conditions c s ci (1, t) = c s cb = constant because flux boundary conditions provide several advantages: First, flux conditions are flexible and allow to account for geometry diffusional constraints. Second, Dirichlet conditions can be retrieved from flux boundary conditions by changing parameters (see Fig. 9 ). Finally, with flux boundary conditions it is straightforward to map our spatial model into a well-stirred model that we use for parameter estimations (see next paragraph). In contrast, it is unclear how to consistently map a spatial model with constant Dirichlet boundary conditions into a well-stirred model with time dependent concentrations.
Because the diameters of knob and dendrite are not much different [58] , we integrate the knob into the dendrite. We further assume that the dendrite acts like a radially well-stirred and homogeneous cylinder with no current leakage and voltage that changes linearly between cilia and the cell body. As a first approximation, we therefore use for j s ci,cb an expression that is similar to the GHK formula for the flux through a channel [51] , 
with φ ci,cb (t) = φ ci (1, t) − φ cb (t). The corresponding flux boundary condition for the ciliary potential φ ci is
The dimensionless parameter α ci,cb accounts for ciliary and dendritic properties. For example, for small α ci,cb the flux between cilium and cell body is strongly restricted, whereas for large α ci,cb we recover Dirichlet boundary conditions (see Fig. 9 ). To obtain a first estimation of α ci,cb , we assume that the overall dendritic flux J s dend can also be approximated as
where L dend and A dend = πR 2 dend are dendritic length and cross-section. With current conservation J s dend = N ci j s ci,cb V ci and Eq. 24 we find
Eq. 27 has reasonable properties: ciliary efflux is facilitated for large A dend and it is obstructed for large L dend ; if many cilia converge into a dendrite, the efflux from a single cilium becomes restricted due to limitations of the flux through the dendrite. With N ci ∼ 15, R dend /R ci ∼ 10 and L ci /L dend ∼ 1 [58] we find α ci,cb ∼ 7. We used this value for the simulations presented in the main text. However, a different value for α ci,cb would not alter our conclusions from the main text, see Fig. 9 .
B Derivation of the well-stirred model
Starting from the spatial model we derived well-stirred equations that we used to fit experimental data and estimate parameters. The well-stirred equations are obtained by replacing c s ci (z, t) with c s ci (t) and ∂ z j s ci (z, t) with j s ci,cb (t). Thus, the well-stirred equations for concentrations and potential read 
The rest of the equations remain formally unchanged.
C Fitting procedure and derivation of a common set of parameters
In the biological scenario (referred to as the Cl − scenario) amplification is due to Cl − efflux, whereas in the artificial scenario (referred to as the N a + scenario) it is due to N a + influx. Because N a + and K + currents through CNG channels are small compared to the Ano2 current [14, 13, 20] , we simplified and assumed that CNG channels are only permeable to Ca 2+ . To minimize the differences between the two scenarios, in the N a + scenario we introduce artificial Ano2 channels that have the same Ca 2+ activation properties as the biological Ano2 channels but are permeable to N a + instead of Cl − . In this way, both scenarios are absolutely identical except for the Ano2 permeability. To implement a Ca 2+ -activated N a + conductance for Ano2 channels, we included the rate ν na ano , similarly to ν cl ano for the Cl − conductance. Thus, in the N a + scenario we have (ν cl ano > 0, ν na ano = 0), whereas in the Cl − scenario we have (ν cl ano = 0, ν na ano > 0). Because the driving forces for Cl − and N a + are different, also the values for ν na ano and ν cl ano have to be different in order to obtain similar peak currents.
Whenever possible we used published values for our parameters (see Tables 1 and 2 ). For unknown parameters (e.g. most of the transduction parameters), we estimated values by calibrating the model to suction electrode recordings from a mouse ORN in response to a 1 s stimulation with three different odorant concentrations ( Fig. 6 , wiggled lines). Our goal was to find a common set of parameters that differs only in the values of ν na ano and ν cl ano but equally well fits the experimental data in both scenario. To compute such parameters, we generated two identical datasets by duplicating the experimental data. We then simultaneously fitted both datasets with the constraints ν na ano = 0 for dataset 1, and ν cl ano = 0 for dataset 2. In this way there was no procedural difference between the two scenarios. Because it is difficult to implement a fitting procedure based on the spatial model, we used the wellstirred model to perform the fitting using the Data to Dynamics (D2D) software [59, 60] based on maximum likelihood estimators. Fig. 6 shows that the data was equally well fitted in both scenarios. In a next step, we used the parameters (given in Tables 1 and 2) together with the assumption of homogeneous odorant stimulation along a cilium to perform simulations with our spatial model. We found that the parameters computed with the well-stirred model also provided a reasonably good fit to the data when used with the spatial model (see Fig. 2B in the main text).
D Simulation results
We now present additional simulation results with strongest odorant stimulation (100 µM) that complement the results shown from the main text. Parameters are the same as in the main text, except for the ones that are modified as indicated in the figures. In Fig. 7 we compare simulation results with dynamic K + concentration (black lines, see also Fig.  3 in the main text) to results with fixed K + concentration (dashed lines). The current is not much affected by holding K + constant (Fig. 7 a-b ), but the dynamics of the Cl − and N a + concentrations are strongly altered (Fig. 7c-f ). For example, in the Cl − scenario with fixed K + , Cl − efflux does not entail a strong reduction in the ciliary Cl − concentration due to electroneutrality requirements. Thus, affecting the K + dynamics also strongly affects the dynamics of Cl − and N a + , showing that the ciliary ion dynamics are strongly coupled.
In Fig. 8 we compare simulation results between the two scenarios with the ciliary radius that is increased from 75nm to 750nm. Although the current is now strongly augmented due the 10-fold increased membrane surface, concentration changes are small due to the 100-fold larger volume. An effective model assuming constant ion concentrations would now be a valid approximation. Furthermore, with large radius the differences between the two scenarios are small and the advantages for amplification based on a Cl − current disappear.
In Fig. 9 we compare simulation results obtained with α ci,cb = 7 (continuous lines) to results obtained with α ci,cb = 100 (dashed lines). α ci,cb = 7 is the default value that we used for simulations, and α ci,cb = 100 basically corresponds to Dirichlet boundary conditions ( Fig. 9c-h) . We find that the currents are only marginally affected by changing the boundary conditions ( Fig. 9a-b ). Dirichlet conditions slightly reduce the maximal fluctuations near the tip of a cilium, however, the main differences as discussed in the main text between Cl − and N a + scenario persist ( Fig. 9c-f ). Thus, our conclusions from the main text are robust against reasonable changes in the boundary conditions. Finally, in Fig. 10 we compare simulation results for the current obtained with the well-stirred model and mucosal concentrations of N a + and Cl − that are reduced from 140 to 70 and 40 mM. Contrary to Fig. 5 in the main text, with the well-stirred model we do not observe bistability. This finding suggests that diffusion and concentration gradients play a crucial role for bistability. It is beyond the scope of this work to perform a detailed analysis of this phenomena. A comprehensive analysis would have to determine not only the parameter space where two fixed points exist, but also their stability and the position of the boundary (separatrix) that separates their basin of attraction. This task is highly complex due to the non-linear equations, diffusional properties, exchanger and channel characteristics, and biochemistry that affects the opening of CNG channels, and beyond the scope of this work. Figure 8 : Impact of a 10-fold increased ciliary radius. Simulations with 10-fold increased ciliary radius performed with the spatial model and strongest odorant stimulation. The panels compare spatially averaged results for current and ion concentrations between the two scenarios. 
